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Fig. S1. Low-magnification scanning electron microscopy (SEM) images of (a) GaN/Si and

(b) Bi/GaN/Si photoelectrodes.
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Fig. S2. (a) 45-degree-tilt-view SEM image of GaN NWs grown on planar Si wafer. (b)
Measured lengths of GaN NWs.
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Fig. S3. Energy dispersive X-ray spectroscope (EDS) spectra of GaN/Si (black) and
Bi/GaN/Si (red).
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Fig. S4. X-ray diffraction patterns of GaN/Si (black) and Bi/GaN/Si (red).
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Fig. SS5. (a) Bright-field (BF) and (b) high-angle annular dark-field (HAADF) scanning
transmission electron microscope (STEM) images of Bi/GaN NWs. (¢) Histogram of particle
size distribution for Bi NPs. The size was calculated by a computing-based image analyzer

(Leopard).
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Fig. S6. High-resolution TEM image of Bi/GaN NW and selected area electron diffraction
patterns at each region indicated by a-e. The inset shows lattice spacing of GaN (002) plane.
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Fig. S7. (a,b) TEM images of Bi NPs and GaN NWs after CO, RR for 20 min at -0.4 Vgyyg in

ARG WL

0.1 M KHCOs;. (c-e) High-resolution TEM images and electron diffraction patterns of
Bi/GaN after CO, RR. Bi (012) plane with a lattice spacing of 0.33 nm, Bi,0,CO; (013)
plane with a lattice spacing of 0.30 nm, and Bi,05 (002) plane with a lattice spacing of 0.35

nm were observed.
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Fig. S8. O 1s X-ray photoelectron spectroscope (XPS) spectra of GaN/Si, Bi/GaN/Si, and
B1/GaN/Si after PEC CO, reduction reaction at -0.4 Vryg for 20 min.
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Fig. S9. Optical reflectance spectra of Si, Bi/Si, GaN/Si, and Bi/GaN/Si.
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Fig. S10. Top-view SEM images of (a) Si wafer and (b) Bi 10 nm-deposited Si.
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Fig. S11. 45°-tilt-view SEM images of (a) ZnO nanowires (NWs) and (b) Bi 10 nm-deposited
ZnO NWs. ZnO NWs were nearly vertically grown on glass substrates. (c¢) Optical
transmittance of Bi/glass and Bi/ZnO NWs/glass with Bi thicknesses of 2, 5, and 10 nm.
Compared to Bi films deposited on planar glass substrate, Bi NPs formed on ZnO NWs

showed better optical transmittance.
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Fig. S12. Faradaic efficiency of photoelectrochemical CO, reduction reaction products for (a)
Si, (b) Bi/Si, (c) GaN/Si, and (d) Bi/GaN/Si. The measurements were conducted in CO,-
purged 0.1 M KHCOj electrolyte under 100 mW/cm? light illumination.
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Fig. S13. Partial current density of photoelectrochemical CO, reduction reaction products for

(a) Si, (b) Bi/Si, (c) GaN/Si, and (d) Bi/GaN/Si.
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Fig. S14. Applied bias photon-to-current efficiency (ABPE) of photocathodes.
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Fig. S15. (a) LSV curves and (b) FEpcoon of Bi/GaN/Si photocathode and Bi/Cu
electrocatalyst measured in CO,-purged 0.1 M KHCOs electrolyte.

Bi/Cu electrocatalyst was fabricated by deposition of 10 nm-thick Bi film on Cu foil by
thermal evaporation method. In the linear sweep voltammetry curves, it is obvious that
Bi/GaN/Si photocathode showed a more positive onset potential and a higher current density
than Bi/Cu electrocatalysts (Fig. S15a). Bi/GaN/Si revealed high FEycoon = 92.1% at -0.4
Vrue Whereas Bi/Cu catalysts exhibited low FEycoon = 18.8% at -0.4 Vryg (Fig. S15b).
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Fig. S16. (a) Measured current density and production rate of O, in the anodic reactor. (b)
Faradaic efficiency of O,. When cathodic potentials of -0.4 and -0.6 Vryg were applied to the
photocathode for 20 min, the average current densities were 6.68 and 9.17 mA/cm? and the

O, production rates in anodic reactor were 30.9 and 42.9 pmol/cm?/h, respectively.
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Fig. S17. (a,b) Faradaic efficiency and (c,d) partial current density of PEC CO, reduction
reaction products for Bi 2 nm/GaN/Si and Bi 5 nm/GaN/Si.
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Fig. S18. Stability of Bi/GaN/Si photocathode was evaluated at -0.4 Vgyg in 0.1 M KHCO;
electrolyte. Current density (red curve) and FEycoon (black symbol) were plotted as a

function of reaction time. Inset: SEM images of Bi/GaN/Si before and after 12 h operation.

To evaluate the stability of Bi/GaN/Si photoelectrode, PEC CO, RR was performed for 12
h at a constant potential of -0.4 Vgyg in CO,-purged 0.1 M KHCOj; electrolyte. For the
current density measurement, CO, gas was continuously fed in the electrolyte to prevent the
change of the pH value during the reaction. The current density (~6.5 mA/cm?) was almost
constant for 12 h, indicating that the PEC CO, RR was stable under long-term operation (Fig.
S18). For the FE measurement, the electrolyte was replaced with clean CO,-purged KHCO;
solution after finishing the reaction for 1 h. Bi/GaN/Si showed high FEycoon > 90% for 12 h
operation. Also, the morphology of the Bi/GaN/Si did not change after the reaction. It is
therefore seen that Bi/GaN/Si is a promising photocathode for PEC CO, RR with prolonged
stability.
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Fig. S19. (a) Calculated binding energy of H, O, OH, and H,O adsorbates on GaN(1010)

and optimized geometry. (b) Coverage-dependent binding energy of H,O on GaN(1010),
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Fig. S20. Calculated binding energy of H, O, OH, and H,O adsorbates on Bi,03; and

optimized geometry.
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geometry of each reaction pathway.
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Fig. S23. Calculated density of states for GaN and Bi,05/GaN(1 010) poS plots were
mainly aligned based on the partial density of states (PDOS) of Ga atom at the fixed region to
mimic the bulk-like GaN.
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Table S1. Summary of PEC CO; RR performance.

Electrodes Potential | FEgcoon| FEm FEco | FEcus | JuCOOH jm ico Jjcna
(VRHE) (%) (%) (%) (%) | (mA/cm?) |(mA/cm?) | (mA/cm?) | (mA/cm?)
0 0.0£0.0 | 69.9£3.9 | 9.3+1.3 [0.0+0.0] 0.00+0.00 |0.13+0.01 | 0.02+0.00 | 0.00+0.00
-0.1 0.0+£0.0 | 76.8+3.1 | 9.3+£0.4 ]0.0+£0.0] 0.00+0.00 |0.28+0.01 [ 0.03+0.00 | 0.00+0.00
-0.2 0.0+0.0 [82.2+12.9| 7.5+1.0 [0.0+£0.0] 0.00+0.00 |0.48+0.07]0.04+0.01 | 0.00+0.00
Si -0.3 0.0+0.0 | 80.3+4.7 | 7.7+0.8 10.0+0.0] 0.00+0.00 |0.61+0.04 | 0.06+0.01 | 0.00+0.00
-0.4 0.0+0.0 | 80.4+4.1 | 7.9+0.6 [0.0+0.0] 0.00+0.00 |1.41+0.07]0.14+0.01 | 0.00+0.00
-0.5 0.0+£0.0 | 81.8+£5.3 | 7.8+0.4 ]0.0+0.0] 0.00+0.00 |1.69+0.1110.16+0.01|0.00+0.00
-0.6 0.0+£0.0 | 78.6+6.7 | 5.5+£0.4 19.1+0.2] 0.00+0.00 |2.09+0.18|0.15+0.01]0.15+0.00
0 11.3+0.8 | 62.1+1.7 | 6.2+0.2 |0.0+£0.0] 0.01+0.00 | 0.08+0.00 | 0.01+0.00]0.00+0.00
-0.1 21.3+1.7| 57.3£3.9 | 2.9+0.4 |0.0+0.0] 0.06+0.00 |0.16+0.01{0.01+0.00 | 0.00+0.00
. -0.2 41.5+1.4| 25.3+£3.9 [16.2+3.510.0+0.0| 0.19+0.01 |0.11+0.02]0.07+0.02 | 0.00+0.00
Bi };)lnm -0.3 47.5+1.7| 25.5£2.2 [23.3+1.510.0+£0.0| 0.32+0.01 |0.17+0.01]0.16+0.01 | 0.00+0.00
-0.4 48.6+1.5| 42.7+5.7 | 3.8+0.8 [0.0+£0.0| 0.44+0.01 |0.39+0.05]0.03+0.01 | 0.00+0.00
-0.5 69.7+1.4| 24.5£1.6 | 2.5+0.0 0.0+£0.0| 0.79+0.02 |0.28+0.02|0.03+0.00 | 0.00+0.00
-0.6 69.6+1.0] 16.4+1.7 | 8.0+1.9 [0.0+0.0f 0.79+0.01 |0.22+0.02]0.11+0.03 | 0.00+0.00
0 0.0+0.0 | 86.9+4.2 | 4.9+0.4 10.0+0.0] 0.00+0.00 |0.43+0.02]0.02+0.00 | 0.00+0.00
-0.1 3.3+0.7 | 82.5+2.3 | 3.5+0.6 |0.0+0.0] 0.02+0.00 |0.76+0.02 | 0.03+0.01 | 0.00+0.00
-0.2 3.8+0.6 | 83.3+4.3 | 3.2+0.3 [0.0+0.0] 0.06+0.01 | 1.37+0.07]0.05+£0.00 | 0.00+0.00
GaN/Si -0.3 3.1+0.5 | 87.7£3.1 | 3.0+0.3 [0.0+0.0] 0.05+0.01 |1.53+0.05]0.05+£0.01 | 0.00+0.00
-0.4 3.7+0.1 | 91.0£5.0 | 2.9+0.2 [1.5+0.0] 0.12+0.00 |3.00+0.16]0.10+£0.01 | 0.04+0.00
-0.5 3.1+0.1 | 89.5+3.7 | 1.8+0.1 [5.9+0.6] 0.14+0.00 |3.91+0.16|0.08+0.01 | 0.21+0.02
-0.6 2.6£0.1 | 86.2+5.6 | 3.3+£0.4 |8.6+1.0] 0.14+0.00 |4.88+0.32(0.19+0.02]0.36+0.04
0.2 4.6+0.8 | 78.2+2.7 | 0.0+£0.0 |0.0+0.0] 0.03+0.00 |0.44+0.02]0.00+0.00 | 0.00+0.00
0.1 7.6+1.6 | 78.84£2.6 | 0.0+0.0 [0.0+0.0] 0.08+0.02 |0.86+0.03 | 0.00+£0.00 | 0.00+0.00
0 21.2+2.0| 71.1£1.1 | 2.6+0.5 [0.0+£0.0] 0.36+0.03 |1.17+0.04]0.04+0.01 | 0.00+0.00
. -0.1 61.6£2.3 | 29.5£2.7 | 3.2+0.4 |0.0+0.0] 1.54+0.06 |0.70+£0.00]0.28+0.000.00+0.00
]/3&:“1’\1}‘8"1‘ 0.2 [78.4+1.9] 17.8+0.3 [ 2.2+0.2 [0.0+0.0] 3.12+0.08 [0.62+0.02]0.09+0.01]0.00+0.00
-0.3 92.1+1.5| 7.5£0.3 | 1.7£0.3 10.0+£0.0| 5.29+0.09 |0.33+0.00|0.10+£0.01 | 0.00+0.00
-0.4 92.1+1.8| 7.5+£0.3 | 1.4+0.1 [0.0+0.0| 6.53+0.13 |0.42+0.01]0.09+0.00 | 0.00+0.00
-0.5 939+1.7| 6.5£0.5 | 1.7£0.2 10.0+£0.0| 6.95+0.12 |0.34+0.00|0.13+0.01 | 0.00+0.00
-0.6 87.0+1.3] 12.0+0.6 | 1.4+0.1 ]0.0£0.0] 8.19+0.13 ]0.99+0.040.13+0.01 | 0.00£0.00
0.2 16.3+0.6 | 65.5+2.9 | 0.0+0.0 |0.0+0.0] 0.08+0.00 |0.32+0.01 [ 0.00£0.00 | 0.00+0.00
0 23.1+£0.9 | 63.1+2.1 | 7.0+0.4 [0.0+£0.0| 0.25+0.01 |0.69+0.02|0.08+0.00 | 0.00+0.00
Bi 5 nm -0.2 88.0+£2.1] 11.1£0.7 | 4.5+0.2 [0.0+0.0| 3.48+0.08 ]0.44+0.03]0.18+0.01 [ 0.00+0.00
/GaN/Si -0.3 97.9+1.9| 2.3+0.1 | 1.2+0.1 [0.0+£0.0| 5.91+0.12 |0.14+0.01|0.07+0.01 | 0.00+0.00
-0.4 98.3+1.0| 3.1+0.2 | 1.3+0.1 [0.0+0.0| 7.54+0.08 |0.24+0.01]0.10+0.00 | 0.00+0.00
-0.6 94.7+2.0| 2.0+£0.1 | 0.4+0.0 {0.0+0.0{10.34+0.30]0.22+0.01 | 0.04+0.00 | 0.00+0.00
0.2 10.0£1.3] 62.7£3.8 |17.5£6.1]0.0+0.0] 0.03+0.00 |0.18+0.01]0.05+0.020.00+0.00
0 10.4+£1.0| 72.3£2.7 | 7.5£0.8 10.0+£0.0] 0.07+0.01 |0.47+0.02|0.05+£0.00 | 0.00+0.00
Bi 2 nm -0.2 11.9+£2.1 | 75.0+1.5 |10.8+1.410.0+0.0] 0.19+0.03 |1.19+0.02|0.17+0.02 | 0.00+0.00
/GaN/Si -0.3 15.4+1.2 1 69.7+4.9 111.3+0.9]0.0+0.0] 0.37+0.03 | 1.68+0.12|0.27+0.02 ] 0.00+0.00
-0.4 15.2+1.2 | 74.0£3.6 |11.7£0.410.0+0.0] 0.52+0.04 |2.52+0.12]0.40+0.01 | 0.00+0.00
-0.6 12.6£3.1] 79.5£3.7 | 9.9+£0.6 |10.0£0.0] 0.75+0.19 |4.72+0.2210.59+0.04 | 0.00+0.00
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Table S2. Performance and reaction condition comparison of photocathodes and Bi-based

electrocatalysts for CO, reduction reaction to HCOOH from recent literature.

Photocathodes FE i
or Catalysts Conditions HCOOH HCOOH Ref
(Electrocatalysts) (%) (mA/cm)
N ) 0.1 MKHCO,, )
GaN NWs/p-n Si Bi NPs 0.6V 95% 10.3 This work
. RHE
) 0.1 MKHCO,, .
p-SiNWs Sn NPs 0875V, 88% ~4 1
Ni _ Z* 1 0.05 M NaHCO,,
10/Ga£\1 NWs NphN Ru(CP)2 5 69% 11 )
/p-n Si -RuCt 0.25 Vo
. 0.1 MKHCO,,
p-n Si SnO, NWs 04V 59.2% ~10 3
. RHE
. 0.1 MKHCO,,
GaN NWs/p-n Si Sn NPs 053V 76.9% ~11 4
. RHE
0.1 M NaHCO,
Co,0, Ru(bpy),dppz 0.6 3 86% ~6.5 5
0.6 Vi
-deri 0.5 M KHCO,
p-Si NWs Nanotube‘derlved s 96% -3 6
) ) 0.5 M KHCO,,
p-Si Bi 032V 3 94% ~4 7
. RHE
0.IM KHCO
(Electrocatalyst) Bi nanosheet 0.85 V 3 85% 6.2 8
I RHE
Bi curved 0.5 M KHCO, .
(Electrocatalyst) nanostructure 09 VRHE 92% 15 9
0.IM KHCO
ectrocatalyst 1 nanoflake ~ 0 ~
(El lyst) Bi flak 08V 3 100% 3 10
® "RHE
B 0.5 M NaHCO
ectrocatalyst () .
(El lyst) Ultrathin Bi : 89% 3.95 11
nansheet -0.8 Ve
Sulfide-derived | 0-5 M NaHCO, .
(Electrocatalyst) bismuth 075 v 84% 5 12
; ; 0.5 M KHCO
ectrocatalyst — 0
(EI lyst) Bismuth oxide 3 91% 3 13
derivative -0.9 Ve
(El lyst) Bi dendri 0-> MRHCO, 89% 2.7 14
ectrocatalyst i dendrite ) .
074V, o
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